Background: Aging is a primary risk factor for the development of osteoarthritis (OA). Recently, advanced glycation end products (AGEs) have received much attention in relation to aging and OA. Some AGEs are reported to be brownish, but the association between AGE levels and browning in articular cartilage is unknown. The purposes of this study were first, to develop a colorimetric device to evaluate the quality and aging of the articular cartilage, and second, to investigate the relationship between AGE levels and color of articular cartilage by using this device without enzymatic digestion of the articular surface.
Introduction
With the aging of society, musculoskeletal disability is becoming a major public health concern because of the increasing prevalence of aging-related bone and joint disease resulting in shorter healthy life expectancy. A previous study estimated that more than 50% of individuals aged 60 years or older have osteoarthritis (OA) 1 , the predominant aging-related bone and joint disease. Japanese individuals aged 60 years or older account for 33% of the population, and at least 20 million people are estimated to have OA when considering the number of individuals who are likely to develop the condition 2 . Therefore, the prevention and treatment of OA are important issues from the perspective of medical economics.
In articular cartilage, chondrocytes and the extracellular matrix (ECM) undergo changes related to aging. Intracellular changes include a decline in chondrocyte metabolism due to enhanced antioxidative stress, a decreased response to humoral factors, and cell death 3 . In the ECM, aging-related changes are characterized by changes in physical properties, such as softening and reduced elasticity, due to structural changes in proteoglycan and type II collagen linking leads to OA has recently been investigated because such cross-linking reduces the elasticity of articular cartilage 5, 6 . In addition, AGEs trigger intracellular biological processes, including production of various proinflammatory cytokines 7 , through activation of specific receptors for AGEs (RAGEs). In OA, many chondrocytes express RAGEs 8 and induce the production of molecules such as matrix metalloproteinases 9 , prostaglandin E2, and nitric oxide 10 
Materials and Methods

Ethical Considerations
This study was conducted in accordance with the Declaration of Helsinki and was approved by our local institutional review board (No. 25-12-343 Values are shown as the mean±standard deviation; KL Grade, Kellgren-Laurence grade. Fig. 1 Overview of the instruments the femur and tibia during surgery. The cartilage was excised above the subchondral bone and cut into small 4×4 mm pieces.
Assessment of Articular Cartilage Degeneration
The grade of articular cartilage injury associated with degeneration was recorded according to the International Cartilage Repair Society (ICRS) classification 14 as follows:
0, normal intact cartilage; 1, chondral softening and blistering, superficial lesions, fissures and cracks, and soft indentation; 2, fraying, lesions and fissures extending down to less than 50% of the cartilage depth; 3, partial loss of cartilage thickness, cartilage defects extending down to greater than 50% of the cartilage depth as well as down to the calcified layer; and 4, full-thickness cartilage loss with exposure of subchondral bone.
Instruments
The color and chromaticity of articular cartilage was assayed at 25.8°C by using a newly developed tristimulus colorimeter equipped with a CCD camera (CB-030GE; JAI, Kanagawa, Japan) and a dome-shaped indirect lighting system (WKM-150; Nissin Electronics Co., Ltd., Tokyo, Japan) as the reference light source Fig. 1 .
Data were analyzed using Eyescale-TWL colorimetric analysis software (I System Co., Ltd., Tokyo, Japan).
Evaluation of Validity of the Device
First, the light source was calibrated with a color refer- 
Colorimetric Evaluation of Articular Cartilage
To prevent drying, articular cartilage specimens were covered with gauze soaked in normal saline and placed on ice immediately after harvesting. Specimens were immersed in distilled water at 37°C for 5 min before measurement, which was performed within 1 h after harvesting. The color reference chart was photographed using the settings described above, and brightness was adjusted to L=550 to calibrate the light source before performing actual measurements. Specimens were photographed submerged in distilled water at a distance of 80 mm, gain of 1, and shutter speed of 1/400 s, and the color was measured using the Eyescale-TWL. The measurement of X and Y was repeated 3 times/site at 9 different points on the articular cartilage surface and the mean value per specimen was calculated.
Biochemical Quantification of AGEs
Pentosidine, a well-characterized fluorescent AGE formed by cross-links between lysine and arginine residues, was used as a representative AGE marker of other AGE measures such as cross-linking 15 . Total AGE levels and hydroxyproline content were determined by our previously reported method 16 . Specimens were hydrolyzed in 6 N HCl at 110°C for 24 h. Hydrolysates were analyzed for hydroxyproline content on a Shimadzu LC9
Liquid Chromatography HPLC instrument fitted with a cation exchange column (0.9×10 cm, Aa pack-Na; Jasco, Ltd., Tokyo, Japan) linked to an inline fluorescence flow monitor (RF10AXL; Shimadzu, Shizuoka, Japan). The weight of collagen was assumed to be 7.5 times the measured weight of hydroxyproline of molecular weight 300,000 Da. The resulting data were used to calculate the cross-link values as mol/mol of collagen. AGE levels were determined using a spectrofluorometer at excitation and emission wavelengths of 370 and 440 nm, respectively (FP6200, Jasco International Co., Ltd., Tokyo, Japan) and were normalized by a quinine sulfate standard.
Statistical Analysis
The association between age, articular cartilage AGE levels, and browning was analyzed using Spearman's rank correlation coefficient. The association between the degree of macroscopic degeneration and AGE levels, and between the degree of articular cartilage degeneration and browning of articular cartilage were analyzed using one-way analysis of variance with Tukey's post hoc test.
Additionally, the association between AGE levels and browning of articular cartilage was evaluated by multiple regression analysis with AGE levels as an objective variable and X and Y as explanatory variables. Statistical analyses were performed using SPSS Ver.23 software (IBM, Chicago, IL), with significance set at p<0.05 in a two-tailed test.
Results
Evaluation of Validity of the Device
At L=400, 500, or 600, within-day and between-day CV for L, X, and Y were all 1% or less Fig. 2 , indicating the reproducibility of the colorimetric measurement at a brightness of 400!L! 600. Table 2 shows within-run reproducibility and betweenday variability at L=550. CV for within-run reproducibility were all 0.2% or less, whereas CV for between-day reproducibility were all 0.5% or less.
The number of repeat measurements was 2.11, 2.23, and 2.32 times for reliability of "90%, "95%, and "
99%, respectively. This shows that "99% reliability is attained when the measurement is repeated at least 3 times. In addition, Spearman's coefficient was respectively 0.94 and 0.91 for chromaticity coordinates X and Y obtained in spectrophotometric analysis, demonstrating the validity of the measurement device. Max, maximum; Min, minimum; SD, standard deviation; CV, coefficient of variation. 
Macroscopic Degeneration
The ICRS grade of the harvested specimens was grade (Table 3) .
Association between Aging and Articular Cartilage
AGE levels
Pentosidine levels in articular cartilage increased with age. A weak positive correlation was observed between AGE levels in articular cartilage and age (rs=0.322; Fig. 3 ).
Association between Aging and Browning of Articular Cartilage
Browning of articular cartilage increased with age. A weak positive correlation was observed between browning and age (rs=0.261; Fig. 4 ).
Association between Degree of Degeneration and Articular Cartilage AGE Levels
The AGE levels in articular cartilage tended to increase with progression of macroscopic degeneration in carti- angle. Therefore, scientific investigation of colors requires standardized conditions. In a previous study, the reliability of the measurement values was found to be low because the measurement conditions were not consistent throughout the study, despite using a device that was reliable under certain conditions 17 . Therefore, in the present study, we maintained consistent measurement conditions in the colorimetric analysis as much as possible.
Because the optical absorbance of 360 nm light by enzymatically digested articular cartilage reflects AGE levels, we hypothesized that AGE deposition can be quanti- Our findings showed that pentosidine levels in articular cartilage increase with age. Age-related increases in AGE levels in the matrix of articular cartilage have been demonstrated in many studies 18 20 . Also, the correlation coefficient for aging and the level of pentosidine was 0.88 in a study by Verzijl et al. 15 but 0.493 in a study by Vos et al. 20 . Furthermore, a recent study found a strong correlation between aging and pentosidine levels in articular cartilage (R=0.93) 19 . The discrepancy between the previous studies and our study (R=0.322) could be because specimens were collected from patients in a wide age range in the previous studies.
In this study, no correlation was observed between de- and differences in luster cannot be addressed completely by the use of an integrating sphere alone. In the future, further study with a larger number of specimens is warranted where measurements are performed with both the specimens and camera submerged in water under the conditions used in arthroscopy.
In conclusion, this is the first objective quantitative study to show that browning of articular cartilage increases with age using an original colorimetric device with high validity. A weak negative correlation was observed between AGE levels and browning of articular cartilage, and thus further study is needed to clarify the degenerative factors associated with browning of articular cartilage.
